INTRODUCTION
During the last decade, significant research activities have been performed in the field of microrobotics. Microrobotics deals with the design, the fabrication and the control of microrobots.
These microrobots are intended to perform various tasks in the so-called Microworld (i.e. the world of submillimetric objects), in particular micromanipulation of single objects (artificial or biological) for positioning, characterizing or sorting as well as for industrial microassembly [1] .
Research already done has shown that the use of active materials to actuate microrobots gives better performances than the use of traditional actuators. However, despite their intrinsic high resolution, these materials have some drawbacks, making the design of efficient controllers a hard task. Their behavior is often complex, nonlinear and sometimes non stationary (environmental conditions as temperature and humidity have a great influence on static and dynamic behaviors [2] ). Closed-loop control of the microrobots requires the integration of very small sensors and the use of bulky and expensive instruments for signal processing and real-time operating. Packaging and integration of sensors and actuators are also hard problems to resolve. This is why building multidegrees of freedom microrobots able to perform complex tasks is difficult [3] , [4] .
Generally, two actuation modes are used in the control of microrobots to generate movements: the proportional mode and the incremental mode. The proportional actuation is based on the controlled deformation of an active material that directly produces a proportional displacement of the microrobot [5] [6] . The use of such a continuous actuation leads to a high cost, the need of a closed-loop control which takes into account the non-linearities [6] and also the use of sensors which are difficult to integrate [8] . The incremental actuation mode is brought into play in the stick-slip [6] and the inchworm systems [9] . The displacement of the microrobot is then discrete.
The need of sensors and closed-loop control is still necessary.
In this paper, we propose a new approach for the design and the actuation of microrobots based on the use of bistability. This new concept based on mechanical robustness allows open-loop control of the microrobots, low cost, and no external energy consumption to maintain a position.
In literature, several conventional robots based on the use of bistable mechanisms are described.
However, in the microworld, there is no microrobot based on the bistability concept although bistable structures are widely used. In the macroworld, the most typical discretely-actuated robot is the Variable Geometry Truss (VGT) manipulator (see Fig.1 ) [10] [12] . This planar binary manipulator consists of several modules. Each one includes three binary actuators. As a result, every module has eight states (2 3 ). G.S. Chirikjian firstly presented the concept of the binary paradigm for robotic manipulators in [13] . There have been several improvements in this binary hyper-redundant manipulator concept.
A lot of work about the calculation of the forward and inverse kinematics is done in [14] - [17] .
Another robot called Robotic Articulated Intelligent Device (BRAID) is described in [18] ; it is a 3-D configuration of binary actuated manipulators. There are 2 15 states by cascading 5 modules in the 3D workspace. Nevertheless, the VGT and the BRAID present some drawbacks: trajectory following is costly in term of computation because the number of logical state is huge [14] , [15] and the inverse kinematics is hard to obtain as indicated in [16] [17] . Moreover, the use of joints leads to a repeatability loss due to the joint clearances or gaps. So this kind of structure can not be used as an accurate positioning device. In the microworld, submicrometric resolutions are required. This is why the use of assembled manipulators and joints is avoided. Compliant joints are preferred in order to achieve high performances adapted to the microworld [23] , [27] .
Miniaturization of the mechanical structure of VGT or BRAID is not suitable.
In this paper, we propose a new kind of microrobot to get over these problems. The paper is organized as follows: first, the concept of microrobots based on bistable modules is presented. After that, the design of the bistable element is presented, and finally the conclusion and future work are given.
2 General concepts for digital microrobotics
Bistable module
The bistable module is the fundamental element for designing a digital microrobot. The bistable mechanism is a structure or mechanism that has two stable states, Fig. 2 shows the principle of bistable modules. Fig. 2 . Principle of bistable modules, the δ or θ stands for motion between the two stable states.
We define state 0 or 1 respectively as one of the two stable states. Between these two stable states there are translations δ or rotation θ. The bistable mechanism is switched from one state to another by applying an external force, and no external energy is needed to maintain the stable states. Many applications of this structure can be found, for example, RF switches, relays, microvalves, etc.
Robot axis based on bistable modules
A robot axis can be built using several cascaded bistable modules. The number of logical states is thus increased. The final position of the axis is obtained by the accumulation of the discrete displacement (δ) or discrete rotation (θ). The design of each module and consequently their δ or θ defines the characteristics of the reachable workspace. Although only a discrete area can be reached, the number of logical states is an exponent function of the number of bistable modules. A robust mechanical design of the bistable module allows a high positioning resolution to be obtained. In this paper, we only study the case of linear displacements.
The number of the logical states of the robot axis is 2 n , where n is the number of bistable modules. . 2 31. 1 1
The minimum displacement d represents the resolution of the axis position. The position of the tip of the robot axis is represented by a binary word that could be used as a control instruction.
Discrete reachable workspace and Microrobot applications
The use of bistable modules to design microrobots leads to a discrete reachable workspace. If 
Comparison between current microrobots and digital microrobots
In Table 1 , we give a detailed comparison between the characteristics of current microrobots and the proposed digital microrobots. Non-linear control [5] Closed loop [6] Control [6] Open loop (no sensors needed) The current microrobots are mainly built by assembling the actuators and the mechanical structure.
Digital microrobots can be fabricated at low cost in a monolithic manner using microfabrication technology. Moreover, this novel concept has many advantages. Good repeatability and accuracy are obtained thanks to the mechanical performances of the bi-stable modules, that is why neither proprioceptive sensors nor bulky and expensive instruments for signal processing and control are needed. Low power consumption can be obtained because external energy is not needed to maintain the modules in a given state but only during the transition phases. The immunity to noise and to changes of the environment is improved. Using the parallel control of the modules, fast displacements can be obtained. Using bistable structures gives an approach that turns the difficulties of non-linear control into mechanical structure design.
The inchworm or stepper motors can offer also a discrete position. The principle of these motors depends on the friction between the actuator and the contact surface. Each step has an uncertain linked to friction surface. When it goes through the open loops of great number of steps, the final error could be great [4] , [6] .
Digital microrobots present the advantages discussed before. However, they have some drawbacks: discrete reachable workspace and limited load.
Let us consider an example of a piezoelectric unimorph beam, commonly used in microrobotics, with 14mm length that enables a maximum displacement of 60µm at its tip under 100V. Taking into account the creep effect, a resolution of 500nm can be reached. According to our proposal, to obtain similar performances, the smallest module must have a displacement of 500nm and 7
cascaded modules are necessary according to equation 1. Microfabrication of such an axis is difficult. Cascading several modules requires that each module carries the weight of the following ones which limits the load.
Design of bistable compliant structures
An elastic deformed structure usually goes back to its original shape after unloading the applied force, but some structures go to another position. A structure with the latter behavior is called a bistable structure. This type of structure shows similar characteristics between force and displacement or between elastic deformation energy and displacement. In 2002, M.S. Baker [18] presented on-chip actuation of a compliant bistable mechanism. In which the V-shape thermal actuators were used. In 2004, Jinqiu [21] presented a curved-beam bistable mechanism for designing a relay, in which the actuator and the bistable structure were made in the wafer by micro fabrication. Many bistable structures were fabricated through MEMS technologies [21] [23] [25] .
One of them has been widely studied: the curved-beam bistable mechanism. This compliant mechanism does not need any assembly. Moreover, it can be fabricated by batch processing and it perfectly suits our objective.
To define the dimensions of the bistable mechanism, two factors are considered: the fabrication limits that define the minimal width of the beams of the structure and the size of the thermal actuators required to switch the bistable mechanism. According to the pseudo-rigid-body model [27] , [28] , a calculated model is presented in Fig. 5 . The bistability is determined by the torsional spring stiffness ks, the elastic beam stiffness kb, and the initial height of the curved beam h.
Fig. 5. An equivalent model for bistable beam
The angle θ of torsional spring and the deformation x of the elastic beam can be expressed as a function of the vertical displacement Y, which is caused by an external force F. 
Ignoring the high order about Y, The force F can be written as:
The two stable states Y s1 and Y s2 and the unstable state Y u are obtained for F=0. 
In our case, ks and kb can be calculated according to the pseudo-rigid-body theory.
Where E is the Young's modulus, I is the inertial moment and A is the section's area. According to this model, the required actuation force and displacement stroke can be found. The dimensions adapted to the microfabrication limits in our clean room facility are shown in Fig. 6 . These dimensions are defined by making the trade-off between the fabrication limits and the actuation force. In our case, a force of 3mN has been considered according to the actuators defined in the next section. This choice allows the fabricated bistable mechanism to be actuated using the designed force. This bistable mechanism is fabricated using silicon on insulator (SOI) wafers with 100 m thick device layer, 300 m thick handle and 1 m sacrificial oxide layer. The handle layer is used to support the entire structure, and the bistable structure is fabricated in the device layer.
Firstly, the photoresist is deposited, and then the device layer is etched using DRIE (Deep Reactive Ionic Etching). After that, the aluminum mask is made for the etching of the handle layer. Finally, the oxide layer is etched using hydrofluoric (HF) acid. Since the last step is done in the liquid, some of structures are broken. Table 2 summarizes the fabrication process. The fabricated structure is shown in Fig. 7 .
Step Process Mask Comments The etching of the handle layer permits to free the structure by an aluminum mask.
Fig. 7. Microfabricated module
We use the experimental set-up to measure the characteristics of the bistable module. The fabrication result is shown in Fig. 8 . This model gives a greater stiffness than the stiffness from FEA because of the simplification of the torsional spring model but it can be considered as a sufficient approximation. Therefore, for switching from a stable state to another one, a microactuator able to produce a force of 2.15mN
with a displacement of 65µm is needed. The next section is dedicated to the design of the actuator.
Actuator design
To switch the bistable mechanism, the potential candidates could be piezoelectric, thermal, electrostatic and shape memory alloy (SMA) actuators. Due to the use of the bulk micromachine technology, piezoelectric actuators and SMA actuators are difficult to integrate. The calculation of the electrostatic actuator shows that it takes a lot of space to reach the required force. So we decided to use thermal actuators.
A U-shape thermal actuator has been built from two beams. One beam is called "hot beam" and the other is called "cold beam" [25] . This actuator takes use of the asymmetric deformation to create in-plane displacement. For a given temperature, the tip's displacement magnitude mainly depends on the length of the thermal actuator [25] , [26] . Fig. 10 shows the variation of the length Vs tip's displacement at 300 o C. We use commercial software ANSYS which offers a structural thermoelectric tetrahedron element (SOLID227) permitting to couple electro-thermal-mechanical analysis. We took into account all the thermal effects: the conduction, the convection, and the radiation (see Fig. 10 ). Like the design of bistable mechanism, the trade-off between the fabrication limits and the switching force needs to be chosen. To fulfill the previous requirement (a force of 2,15mN at 65µm), we chose a length of 4mm. The other dimensions are shown in Fig. 11 . Fig. 11 . Designed thermal actuator.
The thermal actuator is fabricated in the device layer of the SOI wafer, in the same way as the bistable mechanism. To obtain a control voltage lower than 24V which is supplied by common voltage generators, we have chosen a wafer with electric resistivity of 0.02 ohm.cm. The pads of the actuator's supply are electrically insulated from the other parts of the structure in order to avoid short circuits but the handle part is kept for the integration of the whole structure. The contact pads are made of aluminum to ensure a good ohmic contact through the diffusion of Al atoms in the silicon. Fig. 12 shows two microfabricated thermal actuators. The static displacement of the tip of the thermal actuator is shown in Fig. 13 . According to [29] [30], the thermal convection and radiation can be neglected in the microworld, so the heat is accumulated in the structure. Energy of 12mJ is needed for every switching operation. This energy is quickly transferred to the substrate thanks to the good thermal conductivity of the silicon. Two pairs of thermal actuators are used to switch the bistable structure.
This energy is needed only for switching. Since the positions are given by the stop blocks, no energy is required for maintaining these positions.
In order to ensure the bistability and a blocking force to the bistable structure in each state, we need to limit the displacement of the structure before it reaches its maximum position. The use of two stop blocks is thus necessary. The previous realizations [21] , [28] of bistable mechanism can not meet this requirement. This bistable mechanism has to move between the blocked positions in order to produce a blocking force for each of the two positions. It is difficult to obtain naturally two pre-stressed positions with a high blocking force because of the monolithic microfabrication.
To solve this problem, we designed dedicated compliant mechanisms. The first stop block is a compliant mechanism (see Fig. 15 ). The beam deforms under an external activation force, and finally is forced into the stop block. The second one is located at the other side of the unstable position (see Fig. 16 ). The distance between these two stable positions can be chosen according to the design and the targeted displacement of the module. The position of the two stop blocks defines the displacement of the module and the blocking forces (the maximum forces that can be applied to the shuttle without losing the contact between the shuttle and the stop blocks).
Due to the monolithic microfabrication of the overall module, a first activation is necessary in order to insert the shuttle between the two stop blocks. The first activation gives a pre-energy in the structure which allows reducing the actuation energy to switch the bistable structure. The whole bistable module which contains two bistable beams, four thermal actuators, a frame and a shuttle is finished (see Fig. 17 ). Compared to the previous works on bistable structures, our design allows getting a blocked force in two positions. Fig. 18 The experimental set-up. In this test, the bistable modules are prepared for an in-plane measurement. For this measurement, we use a high resolution (10 nm) interferometer from SIOS Technology to measure the displacement of the bistable mechanism. All the test devices are mounted on an antivibration table (see Fig .18 ). In the module shown in Fig. 18 , the measured displacement of the shuttle is 10.1µm. The stop blocks give 1.54mN blockage force to limit the displacement of the shuttle.
Overall designs
Because the overall structure is composed of a large number of similar bistable modules, it is very important to consider the relationship between the overall structure and the bistable module.
Firstly, two cascaded bistable modules are considered (see Fig. 20 ). Since the two curved-beams will support all the structure weight in the first bistable module, it is necessary to study the gravity effect in the structure. In order to find the out-of plan stiffness caused by gravity, we performed a calculation model presented in Fig. 21 . For n bistable modules, we simplify the model as in Fig. 22 . The total moment M T = (M (n 2 -n)/2+MG) and total force F T = (nF+G) are the equivalent moment and force of the n bistable modules which are applied on the first bistable module. The out of plane The total displacement can be obtained:
The spring is a variable section cantilever beam, of which stiffness k can be determined by a classic cantilever model: 
Where E is the Young's modulus, I is the inertial moment and l is the length of cantilever beam.
Each bistable module has a mass of 2.128mg. We simulate the deflection of cascaded structures carrying at the tip a silicon sphere with a diameter of 300µm (mass: 0.0325mg). The tip's flexion is accumulated with the increase of the bistable modules. The analysis shows that there isn't much stress in the first bistable module. Nevertheless, the tip of the structure has an important flexion. According to the equations 12 and 13, we can obtain:
According to the equation 14, the tip's flexion could be reduced with the increase of the thickness of the structure. In our case, the tip's flexion is 2µm with a thickness of 100µm.This flexion is neglected.
Conclusion and future work
In this paper, we have presented a new concept for microrobotics: the digital microrobot. More precisely, we have designed the elementary component of this kind of microrobot: the microfabricated bistable module. This module is fabricated in a monolithic manner on a SOI wafer.
We have described and characterised each part of this module: the bistable compliant structures, the thermal actuators and the stop blocks which enable to give robust positions and blockage forces. The batch microfabrication permits to fabricate monolithic structures containing several modules without any assembly. For example, a microrobot axis is built by cascading several bistable modules to reach a discrete workspace. Future work will include the dynamic characterization of the dynamic of bistable mechanism, and the fabrication of several cascaded bistable modules. 
